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ABSTRACT
The use of eye-color mutants and their corresponding genes as scorable marker systems has facilitated

the development of transformation technology in Drosophila and other insects. In the red flour beetle,
Tribolium castaneum, the only currently available system for germline transformation employs the exogenous
marker gene, EGFP, driven by an eye-specific promoter. To exploit the advantages offered by eye-pigmenta-
tion markers, we decided to develop a transformant selection system for Tribolium on the basis of mutant
rescue. The Tribolium orthologs of the Drosophila eye-color genes vermilion (tryptophan oxygenase) and
cinnabar (kynurenine 3-monooxygenase) were cloned and characterized. Conceptual translations of Tc vermilion
(Tcv) and Tc cinnabar (Tccn) are 71 and 51% identical to their respective Drosophila orthologs. We used
RNA interference (RNAi) to show that T. castaneum larvae lacking functional Tcv or Tccn gene products
also lack the pigmented eyespots observed in wild-type larvae. Five available eye-color mutations were
tested for linkage to Tcv or Tccn via recombinational mapping. No linkage was found between candidate
mutations and Tccn. However, tight linkage was found between Tcv and the white-eye mutation white, here
renamed vermilionwhite (vw). Molecular analysis indicates that 80% of the Tcv coding region is deleted in vw

beetles. These observations suggest that the Tribolium eye is pigmented only by ommochromes, not
pteridines, and indicate that Tcv is potentially useful as a germline transformation marker.

RECENT advances in genomics and bioinformatics rescent protein (EGFP) driven by the eye-specific pro-
moter 3xP3. This system (Horn et al. 2000) shows greatpromise to hasten the discovery and analysis of genes

that regulate important biological phenomena. Such ef- promise, but is limited by the cell autonomy of EGFP
expression, the technical demands of EGFP detection,forts will be aided by continued development of transpo-

son-based systems for the experimental manipulation of and the tissue specificity of the 3xP3 promoter. To over-
come these potential limitations, we are exploring thetarget genomes. The red flour beetle, Tribolium casta-

neum, is an excellent candidate in which to develop such use of eye-color genes as transformation markers. Eye-
color markers have been used successfully in Drosophilatechnology because of its long history as an experimen-

tal subject for genetic analyses, its ease of genetic manip- since the advent of P-mediated germline transformation
(Rubin and Spradling 1982). These genes generateulation, its prominence as a pest species, and its poten-

tial as a model for other Coleopteran pest species. To an easily scored visible phenotype when introduced into
the appropriate mutant background. The use of suchfurther improve the utility of the Tribolium genetic system,

transposon-based procedures analogous to those based on genes eliminates the need for specialized detection sys-
tems, thus making transformation-based protocols morethe P-transposable element in Drosophila are needed.

The P element has been harnessed and tailored for widely accessible. In addition, the availability of several
different transformant selection systems allows greatergermline transformation applications such as mutagen-

esis by transposon tagging and enhancer trapping. How- flexibility in the design of sophisticated protocols.
A large number of mutations are known to affect theever, useful P-element function is restricted to the genus

Drosophila (O’Brochta and Handler 1988). A sum- pigmentation of the compound eye of Drosophila, in-
cluding those that affect the biosynthesis or transportmary of recent nondrosophilid insect transformation

efforts can be found in Atkinson et al. (2001). of ommochrome (brown) and pteridine (red) pigments.
While some insects lack pteridine pigments (e.g., Anophe-Recently Berghammer et al. (1999) achieved germ-

line transformation in T. castaneum. The authors utilized les gambiae, Beard et al. 1995), ommochrome pigments
have been found in all insects examined to date. Earlyboth the Hermes and piggyBac transposable elements

marked with a gene encoding an enhanced green fluo- work with Drosophila eye-color mutants revealed that
vermilion (v) and cinnabar (cn) are involved in ommo-
chrome production (Beadle and Ephrussi 1937). The
vermilion gene encodes tryptophan oxygenase (TO; Bagli-1Corresponding author: USDA-ARS, 1515 College Ave., Manhattan,

KS 66502. E-mail: beeman@gmprc.ksu.edu oni 1959; Ballie and Chovnick 1971; Walker et al.
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designed on the basis of highly conserved regions of the KM/1986), an enzyme that converts tryptophan to formylky-
Cinnabar proteins (underlined in Figure 6). First-round prim-nurenine (see reviews by Linzen 1974; Phillips and For-
ers were AAYTAYYTNCAYATHTGGCC and RTARTTRTACA

rest 1980), whereas cinnabar encodes kynurenine 3-mono- TNGC, while the nested primers ACNTTYATGATGATHGC
oxygenase (KM; Ghosh and Forrest 1967; Warren and CCNGCRTTCATNCCYTGNCC were used for a second

round of PCR to generate the pGcn1 fragment.et al. 1996), which converts kynurenine to 3-hydroxy-
Isolation of cDNA and genomic clones: Approximately 3.6kynurenine (Ghosh and Forrest 1967). Mutations in

ng of purified DNA from a T. castaneum embryonic cDNAv or cn rarely cause a decrease in fitness, and overexpres-
library (see Shippy et al. 2000) was used as template for rapid

sion of these genes is not deleterious. amplification of cDNA ends (RACE) using Tcv or Tccn gene-
Such eye-color genes offer another important advan- specific primers paired with pCMVSPORT4 vector primers.

Nested, gene-specific primers were designed from the se-tage. Unlike EGFP, the v and cn genes are not limited
quences of the pGv1 and pGcn1 clones. To obtain the 5�by cell autonomy. The importance of this is realized when
region of each cDNA, nested, gene-specific primers were usedtransgene insertion occurs in or near a heterochromatic
in conjunction with the SP6 vector primer. Similarly, the 3�

region. Transposition into such chromosomal sites often ends of the Tcv and Tccn cDNAs were amplified using nested,
leads to position-effect variegation (random gene silenc- gene-specific primers in conjunction with the T7 vector

primer. Inserts of resulting clones were sequenced. Primersing), evidenced by a characteristic mosaic pattern of
from the 5� and 3� untranslated regions (UTRs) were usedexpression in the case of cell-autonomous genes. How-
to amplify Tcv (pCv) and Tccn (pCcn) cDNAs that includedever, since TO and KM and their pigment products are
complete coding regions.

transported across cell membranes their effects can be A GA-2 T. castaneum bacterial artificial chromosome (BAC)
manifest even in the absence of expression in the target library constructed in pBACe3.6 (a gift from the Exelixis Phar-
tissue. For example, rosy mutant flies, mosaic for cells maceutical Co., South San Francisco) was screened to obtain

full-length genomic clones of Tcv and Tccn. The Tcv and Tccnbearing a rosy-marked P element, have wild-type eye color
degenerate PCR products, pGv1 and pGcn1, were individuallyeven in the absence of rosy gene expression in the cells
radiolabeled (Prime-It; Stratagene, La Jolla, CA). See Figuresof the eye (Reaume et al. 1989). Although these flies 1A and 4A for the size and location of probes. After prehybrid-

were true somatic mosaics rather than germline trans- ization for 3 hr at 65� in 5� Denhardt’s buffer (0.5% SDS,
formants showing variegation, the result (global effect 5� SSC, and 20 �g/�l herring sperm DNA) the filter was

hybridized overnight at 65� with a mixture of the two 32P-from local expression) is the same. In contrast, in the
labeled probes in fresh hybridization buffer and washed incell-autonomous 3xP3-EGFP system, transgene expres-
2� SSC, 0.1% SDS at 65�. Full-length Tcv and Tccn clones weresion in the eye is required for transformant selection.
subsequently identified by PCR using gene-specific primers.

A transformant selection system of this type requires Northern analysis: Northern analysis of Tcv was performed
a cloned functional eye-color gene and a corresponding as previously described by Shippy et al. (2000), but using pupal
loss-of-function mutant strain. Here we report the clon- rather than embryonic mRNA. The Tcv cDNA (pCv) was used

as probe.ing and characterization of the Tribolium orthologs of
DNA sequencing and analysis: BAC DNA templates werevermilion (Tcv) and cinnabar (Tccn). We also report the

sequenced using the ThermoSequenase kit (Amersham Lifeidentification of a white-eyed strain carrying a Tcv null Sciences, Cleveland). PCR products were gel purified (Prep-
mutation. A-Gene DNA purification systems; Bio-Rad Laboratories, Her-

cules, CA) and cloned using the pCRII-TOPO kit (Invitrogen,
Carlsbad, CA). Sequences from plasmid clones were obtained

MATERIALS AND METHODS using an ABI 373A DNA sequencer (DNA Sequencing Core
Facility, College of Veterinary Medicine, Kansas State Univer-Strains: The wild-type strains used in this work were as fol-
sity) or an ABI 3700 DNA sequencer (Sequencing and Geno-lows: (1) GA-1, a North American strain described by Halis-
typing Facility, Plant Pathology, Kansas State University). Datacak and Beeman (1983); (2) GA-2, a near-homozygous inbred
were analyzed using the MacVector sequence analysis programderivative of GA-1 (S. Thompson, J. Stuart and S. Brown,
(Eastman Kodak Company, New Haven, CT).unpublished data); and (3) T-1, an Indian strain described

RNA interference: The MEGAscript SP6 and T7 in vitroby Thompson et al. (1995). Wild-type flour beetles have pitch-
transcription kits (Ambion, Austin, TX) were used to generateblack eye color. The recessive white-eyed mutation, white (w,
sense and anti-sense RNA from the Tcv cDNA, pCv. The com-Eddleman and Bell 1963), is shown in this work to be an
bined RNAs were heated to 100� and allowed to slowly coolallele of Tcv and is hereafter referred to as vermilionwhite (vw).
to room temperature (Brown et al. 1999). The same proce-Other eye-color mutant strains used in this work are shown
dure was performed using the 1.66-kb Tccn genomic clone,in Table 1. Beetles were reared in yeast-fortified wheat flour
pGcn. Double-stranded RNA from Tcv (1 �g/�l) or Tccn (0.5under standard conditions (Beeman et al. 1986).
�g/�l) was injected into wild-type (GA-1), 0- to 4-hr embryosDegenerate PCR: Nested, degenerate primers were de-
(injection volume �100 pl/embryo) in injection buffer (5signed on the basis of highly conserved regions of the TO/
mm KCl, 1 mm KPO4, and 1% v/v green food coloring, pHVermilion proteins (underlined in Figure 3). First-round PCR
6.8). Injected embryos were incubated at room temperaturewas performed using 6 ng of GA-1 genomic DNA with CAY
for 1 week in a humidified, oxygenated chamber (Billups-GAYGARCAY and CCARAARTTRAANCC (all primer se-
Rothenberg, Del Mar, CA). Late-stage embryos and first instarquences are shown 5�–3�). Using 1 �l of first-round product
larvae were screened for larval eyespot pigmentation.as template, a second round of PCR was performed with the

Recombinational mapping: Single-pair crosses were set upnested primers TAYGARYTNTGGTTYAARCA and CCNGG
between GA-1 or T-1 virgin females and chestnut, hazel, plati-NGTNCKYTCNARCC to generate the pGv1 fragment.
num, ruby, or vw males. A single F1 virgin female from eachA similar strategy was used to amplify a portion of the

Tribolium cinnabar ortholog. Nested degenerate primers were line was backcrossed to the homozygous recessive male parent.
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TABLE 1

List of Tribolium eye-color mutants

Adult Larval Linkage Complementation
Strainsa eye color eyespot group group References

Wild type Black ���� NA NA NA
bronze (bz) Near WT ��� Not X bz R. Beeman (unpublished data)
chocolate Near WT ��� Not X bz R. Beeman (unpublished data)
chestnut (c) Red � 7 c Eddleman and Bell (1963)
hazel (h) Red � 4 h Dawson (1967)
ruby (rb) Red � 5 rb Dewees (1963)
redZ2 Red � 9 i R. Beeman (unpublished data)
red-1 (r) Red � X r Eddleman and Bell (1963)
peach Peach-red � X r R. Beeman (unpublished data)
pink Ndg Light red/pink � X r R. Beeman (unpublished data)
pink Tiw Light red/pink � X r R. Beeman (unpublished data)
ivory (i) Cream � 9 i Bartlett and Bell (1966)
platinum (pte) White � X pte Yamada (1961)
pearl (p) White � 9 p Park (1937)
vermilionwhite (vw) White � 4 vw Eddleman and Bell(1963)

a Order of strains is based on the intensity of adult eye pigmentation. Strains were also scored for relative degree of larval
eyespot pigmentation and include the following: ����, eyespots black; ���, eyespots nearly equivalent to that of wild type;
�, eyespots with reduced pigmentation; and �, eyespots that lack discernible pigment.

The progeny from each backcross were sorted by eye-color RESULTS
phenotype as late-stage pupae, and single-beetle DNA isola-

Homology-based cloning of Tcv: Analysis of Tcv geno-tions were performed using the Wizard Genomic DNA isola-
tion kit (Promega, Madison, WI) according to the manufactur- mic and cDNA clones is shown in Figures 1 and 2.
er’s protocol. PCR products obtained using the Tcv-specific, Degenerate primers based on conserved regions of ver-
exon 1 primer GACAGGTCGTAATGAGTTGCCCAC and the milion orthologs amplified a 457-bp fragment from
exon 3 primer ACGTCGCTGAAAATGTTG were analyzed on

Tribolium genomic DNA (pGv1). On the basis of this2% agarose gels (for the vw backcross) or Novex precast 4–20%
genomic sequence, primers were designed for 5� and 3�polyacrylamide TBE gels (for all others; Invitrogen). PCR

products obtained using Tccn BAC-specific primers (ACGGG RACE. The 5� clone (pC5�v) yielded 220 bp of additional
GTGGTCCATGAGTAATAA and TGAGGCGGCACAGAGAT) upstream sequence, encompassing an apparent transla-
were analyzed on Novex precast 4–20% polyacrylamide TBE tional start site and 20 bp of 5� UTR. The 3� cDNAgels (Invitrogen). Dimorphic markers were scored, and recom-

fragment (pC3�v) provided 774 bp of downstream se-bination frequencies were calculated.
quence and a poly(A) tail. Primers designed in the 5�Southern analysis: Two micrograms of genomic DNA was

digested with EcoRI and electrophoresed overnight by field and 3� UTRs were used to amplify a cDNA containing
inversion gel electrophoresis (FIGE) on a 0.7% agarose gel. the entire coding sequence. This cDNA (pCv) is 1343
The DNA was transferred to a GeneScreen membrane (New
England Nuclear Life Sciences, Boston), using a Turboblotter
rapid downward transfer system (Schleicher & Schuell, Keene,
NH). A 32P-labeled, 1.6-kb Tcv fragment (pGv2) was hybridized
to the membrane overnight in PerfectHybPlus (Sigma, St.
Louis) at 68�. The membrane was stripped at 65� and hybrid-
ized with a 32P-labeled, �900-bp fragment containing the Tcv
promoter and 5� coding region. The membrane was stripped
again and another hybridization was performed with a 32P-
labeled fragment containing the 3� end of the Tcv coding
region. All hybridizations were performed as described above.

Deletion breakpoint analysis: Eight nanograms of vw geno-
mic DNA served as template for the first round of universal
PCR, using a mixture of five universal primers (Uni-4, Uni-5, Figure 1.—Tc vermilion gene structure. This schematic indi-

cates the location of the original Tc vermilion (Tcv) genomicUni-7, Uni-8, and Uni-9) and GSP1, the Tcv exon 6 primer
TAGACAAGGGGGGGATGTAG. The primary PCR reaction clone (pGv1), as well as the Tcv cDNA clones (pC5�v, pC3�v,

and pCv) and Tcv genomic clone (pGv2) in relationship to(1 �l) was used as template for a second round of PCR with
M13 (�40) (the linker sequence at the 5� ends of all five the Tcv locus. Arrows indicate the positions of the translational

start sites, while asterisks mark the locations of the stop codons.universal primers) and GSP2, the nested exon 6 primer
CCGTGGTATCAAAAACGTC. The resulting PCR product was Exons are represented as thick lines on cDNA clones. Gen-

Bank accession nos. are as follows: AYO52625 (pGv1),cloned and sequenced. For a complete list of the universal
primer sequences and PCR conditions see Beeman and AYO52395 (pC5�v), AYO52394 (pC3�v), AYO52390 (pCv), and

AYO52392 (pGv2).Stauth (1997).
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Figure 2.—Nucleotide sequence of the wild-type Tc vermilion locus. �1 indicates the start of the longest Tcv transcript detected.
Proposed initiator sequences are underlined in the putative Tcv promoter (�200 to �20). Boldface type denotes a consensus
downstream promoter element. Start and stop codons are boxed. The polyadenylation signal is double underlined and introns
are shown in lowercase italics. All nucleotides upstream of the double-underlined base (in boldface type), following the last
intron, are deleted in the vermilionwhite allele. GenBank accession nos. are AYO52392 (pGv2) and AF419847 (putative Tcv promoter).
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Figure 3.—Multiple alignment of tryptophan
oxygenase sequences from Tribolium castaneum (Tc ;
GenBank accession no. AYO52390), Drosophila mela-
nogaster (Dm; GenBank accession no. A34780),
Anopheles gambiae (Ag; GenBank accession no.
AAC27659), and Homo sapiens (Hs; GenBank ac-
cession no. P48775). Residues that are identical
in all four species are in boldface type. Regions
used for designing degenerate primers are under-
lined.

bp in length and includes 11 bp of 5� UTR, 1164 bp of 5� end of Tcv by identifying the promoter. A T. castaneum
genomic BAC library was probed with pGv1, and oneopen reading frame (ORF), and 168 bp of 3� UTR.

Alignment (Pearson and Lipman 1988) of mammalian positive clone was selected for analysis. A sequencing
primer from the 5� UTR of Tcv was used to obtain 700and insect TO proteins (Figure 3) shows that the con-

ceptual translation of pCv is 71% identical to Drosophila bp of upstream genomic sequence. This sequence was
analyzed for the presence of promoter elements (FigureVermilion and 56% identical to human TO. Conserved

motifs previously identified by alignment of TO/Vermil- 2). No consensus TATA box was found, but several ar-
thropod initiator sequences (Inrs; Cherbas and Cher-ion orthologs are also present in the Tribolium protein.

Tcv gene structure: Northern analysis showed that a bas 1993) were identified. Ten Inrs are located within
�140 to �1 (�1 corresponds to the 5�-most nucleotideTcv fragment (pCv) hybridized to a 1.55-kb transcript

(pupal mRNA, data not shown), which corresponds to of pC5�v), and a consensus downstream promoter ele-
ment (DPE) is located at �14 (Smale 1997; Figure 2).the length of the pCv cDNA (1343 bp), assuming a 200-

bp poly(A) tail. Primers from the 5� and 3� UTRs of Tcv Fridell and Searles (1992) used a series of deletion
constructs to demonstrate that Drosophila v possesseswere used to amplify a genomic fragment (pGv2). Gene

structure was determined by comparison of cDNA and important sequence motifs in the 5� UTR (between �19
and �36 and between �47 and �57 downstream of thegenomic sequences (Figures 1 and 2). Both the number

and location of introns are highly conserved between transcription start site), without which transcription of
the fly gene is silenced. Comparison of the 5� UTR ofthe Drosophila (Searles et al. 1990) and Tribolium

vermilion genes. Both genes have five short introns that v to that of Tcv reveals similar motifs (data not shown).
The presence in the Tcv 5� UTR of a putative DPE ofoccur at identical or nearly identical positions. Both

genes also appear to have very short 5� UTRs. The lon- (A/G)G(A/T)CGT (Smale 1997) and the lack of a
TATA box within 700 bp upstream of the putative tran-gest Tcv 5� UTR we could detect in Tribolium is 20 bp,

while that of Drosophila is only 57 bp (Fridell and scription start site suggest similarities between the pro-
moters of fly and beetle vermilion genes (Figure 2).Searles 1992).

Since the 5�-most cDNA fragment contained only 20 Taken together, the data suggest that pC5�v is derived
from a full-length or nearly full-length transcript, andbp of 5� UTR, we sought to more accurately define the
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ing region a T. castaneum genomic BAC library was
probed with pGcn1, and a sequencing primer from the
5� UTR of Tccn was used to obtain 1 kb of upstream
genomic sequence from one of the positive clones. This
sequence was analyzed for the presence of promoter
elements (Figure 5). The Drosophila cinnabar (cn) gene
is known to possess consensus CAAT and TATA boxes
(Warren et al. 1996), the latter being located 134 bp
upstream of the translation start site. While consensusFigure 4.—Tc cinnabar gene structure. This schematic indi-

cates the location of the original Tc cinnabar (Tccn) genomic CAAT and TATA boxes were found 1 kb upstream of
clone (pGcn1), as well as the Tccn cDNA clones (pC5�cn, the 5� end of the Tccn cDNA (Figure 5), analysis of the
pC3�cn, and pCcn) and Tccn genomic clone (pGcn2) in rela- downstream sequence failed to reveal similarity to thetionship to the Tccn locus. Arrows indicate the positions of

amino-terminal extension observed in the Drosophilathe translational start sites, while asterisks mark the locations
protein. No promoter motifs were detected in the in-of the stop codons. Exons are represented as thick lines on

cDNA clones. GenBank accession nos. are as follows: tervening sequence. However, nine consensus Inrs
AYO52623 (pGcn1), AYO52622 (pC5�cn), AYO52624 (pC3�cn), (Cherbas and Cherbas 1993) were identified between
AYO52391 (pCcn), and AYO52393 (pGcn2). �170 and �1 (�1 is the 5�-most nucleotide of pC5�cn;

Figure 5). These observations and the similarity in
length, N-terminal to a region of sequence alignment,that, like Drosophila v (Searles et al. 1990), Tcv is tran-
between the deduced amino acid sequences of Tccn andscribed from a TATA-less promoter.
human and silkworm KM proteins suggest that the TccnHomology-based cloning of Tccn: Analysis of Tccn ge-
cDNA includes the complete coding region.nomic and cDNA clones is shown in Figures 4 and 5.

Correlation between larval eyespot pigmentation andPCR with degenerate primers based on conserved re-
adult eye color: Tribolium larvae lack compound eyes.gions of cinnabar orthologs produced a 302-bp genomic
However, pigmented eyespots are visible in wild-typefragment (pGcn1). Primers for 5� and 3� RACE were
larvae and late-stage embryos. Mutants such as vw, pearl,designed on the basis of this genomic sequence. The
and platinum, which exhibit white-eyed adult pheno-5� clone (pC5�cn) provided an additional 721 bp of
types, also lack larval eyespot pigmentation (see Tableupstream sequence, including an apparent translational
1). The same is true for mutants with very light adultstart site and 50 bp of 5� UTR. The 3� cDNA fragment
eye-color phenotypes, such as peach, pink, and ivory. Con-(pC3�cn) provided 468 bp of downstream sequence and
versely, mutants such as hazel, ruby, and chestnut thata poly(A) tail. Primers from the 5� and 3� UTRs were
have a less severe effect on adult eye color also retainused to amplify a cDNA containing the entire coding
detectable pigmentation in the larval eyespots. Thus,sequence. This cDNA (pCcn) is 1421 bp in length and
larval eyespot pigmentation is well correlated with adultincludes 50 bp of 5� UTR, a 1335-bp ORF, and 36 bp
eye color, and lack of larval eyespot pigmentation pre-of 3� UTR. Alignment (Pearson and Lipman 1988) of
dicts a drastic reduction or complete loss of adult eyemammalian and insect KM proteins (Figure 6) shows
color. In the experiments described below, we use larvalthat the conceptual translation of pCcn is 53% identical
eyespot pigmentation to assess the effects of RNA inter-to Bombyx KM, 51% identical to Drosophila KM, and
ference (RNAi) and identify candidate mutants that49% identical to human KM. All conserved motifs pre-
might correspond to cloned eye-color genes.viously identified by alignment of KM/Cinnabar or-

RNA interference: Either Tcv or Tccn dsRNA was in-thologs are present in the Tribolium protein.
jected into wild-type embryos to determine their loss-Tccn gene structure: A Tccn genomic fragment (pGcn2)
of-function phenotypes. After Tcv injection, 11of 22 late-was amplified and cloned using a method similar to that
stage embryos and newly hatched larvae lacked eyespotdescribed above for Tcv. Gene structure was determined
pigmentation (Figure 7, A and B). Injection of Tccnby comparison of cDNA and genomic sequences (Fig-
dsRNA resulted in complete loss of eyespot pigmenta-ures 4 and 5). Unlike v, the number and locations of
tion in 6 of 19 newly hatched larvae (Figure 7C) andintrons are not well conserved between the Drosophila
dramatically reduced pigmentation in 11 others. In bothand Tribolium cn genes. Tccn contains five small introns
cases, the effect was transient, since wild-type eye color(Figure 4) while Drosophila cn has only two (Warren
developed during pupation. Eyespot pigmentation waset al. 1996), with the location of only the first intron
never affected by injection of dsRNA from genes notbeing conserved.
involved in eye-color pigmentation (�500 hatchlingsThe longest ORF includes a methionine 11 residues
examined) or mock injections with buffer alone (�1000downstream from a stop codon. However, it was possible
hatchlings examined). These results demonstrate thatthat this clone did not represent the complete Tccn
the Tcv and Tccn orthologs affect eye pigmentation incoding region, since the protein it encodes lacks �81
Tribolium and predict a null mutant phenotype withamino acids present in the Drosophila protein. To deter-

mine whether the Tccn ORF contained a complete cod- little or no adult eye color.
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Figure 5.—Nucleotide sequence of the wild-type Tc cinnabar locus. �1 indicates the start of the longest Tccn transcript detected.
In the putative Tccn promoter (�885 to �1) consensus TATA and CAAT boxes are in boldface type, while possible initiator
sequences are underlined. Start and stop codons are boxed. Introns are shown in lowercase italics. The polyadenylation signal
is double underlined. GenBank accession nos. are AYO52393 (pGcn2) and AF422805 (putative Tccn promoter).
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Figure 6.—Multiple alignment of kynur-
enine 3-monooxygenase sequences from Tri-
bolium castaneum (Tc ; GenBank accession no.
AYO52391), Drosophila melanogaster (Dm; Gen-
Bank accession no. U56245), Bombyx mori
(Bm; GenBank accession no. BAB62419), and
Homo sapiens (Hs; GenBank accession no.
AF056032). Residues that are identical in
all four species are in boldface type, and
regions used for designing degenerate
primers are underlined.

Tcv is tightly linked to white: Tcv-related dimorphisms those seen with the full-length fragment (data not
shown). However, a 900-bp fragment containing onlybetween eye-color mutant and wild-type (T-1) strains
the Tcv promoter and 5� coding region (exons 1–2 andwere identified by agarose gel or single-strand confor-
part of 3), hybridized to wild-type, h, and p DNAs, butmation polymorphism (SSCP) analysis of PCR products.

These dimorphisms were used to assess linkage between
Tcv and candidate eye-color mutations. Several eye-color
mutations assorted independently of the Tcv-related di-
morphism and are therefore eliminated as candidate
alleles of the Tcv gene (data not shown). However, the h
and vw mutations showed linkage to Tcv. Recombination
occurred between Tcv and h in 3.4% (3/87) of the
backcross progeny. No recombination (0/72) occurred
between Tcv and the vw mutation. Thus, recombina-
tional mapping identifies vw as the best candidate Tcv
mutant.

Most of the Tcv locus is deleted in vw beetles: Genomic
DNA from the vw strain was analyzed by Southern hybrid-

Figure 7.—Effect of Tcv and Tccn RNA interference onization for polymorphisms associated with the Tcv locus. eyespot pigmentation in Tribolium castaneum. (A–C) Lateral
A probe consisting of the 1.8-kb genomic fragment views of late-stage GA-1 embryos illustrate the effect of Tcv or
pGv2, which contains the entire Tcv coding region, identi- Tccn dsRNA. (A) Wild-type eyespot pigmentation observed in

late-stage GA-1 embryo. (B) A GA-1 embryo of the same age,fied a single, 8-kb EcoRI fragment in the wild-type GA-1
but previousy injected with Tcv dsRNA. (C) A GA-1 embryostrain and the p and h mutant strains. However, the
of the same age, but previously injected with Tccn dsRNA.EcoRI fragment identified in vw DNA was �12 kb (Figure Asterisks indicate the sites of injection (B, posterior; C, mid-

8A). A second probe, complementary to the 3� end of line). Arrows indicate the locations of larval eyespots on the
dorsal, lateral side of the head.the Tcv coding region, produced results identical to
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transcription start site, and translation start site are de-
leted in vw beetles.

Tccn is unlinked to known eye-color mutants: Linkage
between Tccn and candidate eye-color mutations was
assessed by using Tccn-related dimorphisms between
eye-color mutant and wild-type (T-1) strains identified
by PCR or SSCP analysis. All eye-color mutations tested
assorted independently of the dimorphisms (data not
shown). Moreover, further mapping demonstrated that
Tccn is located on linkage group 2 (R. W. Beeman,
unpublished results) for which there is no known eye-
color mutant (see Table 1).

DISCUSSION

Eye pigmentation in Tribolium: Orthologs of the Dro-
sophila eye-color genes vermilion and cinnabar were ini-
tially identified by degenerate PCR and further charac-
terized by analysis of genomic and cDNA clones. In
addition, a molecular lesion at the Tcv locus was identi-
fied in the white-eyed mutant vw. Tcv encodes Trypto-
phan oxygenase, the first enzyme in the ommochrome
pathway.Figure 8.—Southern hybridization analysis of the Tc vermil-

Both pteridine and ommochrome pigments span aion (Tcv) locus in strains of Tribolium castaneum. (A) Autoradio-
wide color spectrum in different insect species (Linzengram of blot after hybridization to the full-length Tcv probe

pGv2. (B) Autoradiogram of the same blot after hybridization 1974). In Drosophila melanogaster, both the brown om-
to a Tcv probe (VP461) containing the Tcv promoter and 5� mochrome pigments and the reddish pteridine pig-
coding region only (exons 1–2 and part of 3). Wild-type DNA ments are required to confer the red-brown color of
(WT), vermilionwhite DNA (vw ), hazel DNA (h), and pearl (p)

the wild-type eye of this species. The loss of vermilion andDNA are shown. (C) Amplification of the vermilionwhite deletion
concomitant knockout of the ommochrome pathwaybreakpoint by universal PCR. GSP1 and GSP2 indicate the

nested Tcv-specific primers complementary to a region near result in red-eyed flies. In contrast, the loss of ommo-
the 5� end of exon 6 and with their 3� ends facing upstream chrome pigments via Tcv knockout in T. castaneum re-
toward the deletion breakpoint. While the highly degenerate sults in a complete loss of eye pigmentation, suggesting
universal primer [uni-7, GGGTTTTCCAGTCACGAC(N)8GGA

the presence of a single pigmentation pathway in thisTCC] can anneal to numerous sites within the genome, only
species. Several lines of evidence suggest that red ommo-those that anneal within �1 kb upstream of the GSP primers
chrome pigments are the principal contributors to thewill lead to amplification of the vw breakpoint. Slash marks

indicate that the exact size of the deletion is unknown. The black eye color of wild-type T. castaneum. First, the avail-
positions of the probes used for Southern analysis are indi- able mutants display various shades of red eye color
cated above the WT allele. (see Table 1). Second, rescue of vw beetles by transient

expression of Tcv results in pink to red adult eye color
(M. D. Lorenzen, unpublished results). Finally, in inde-

failed to hybridize to vw DNA (Figure 8B). These results pendent transgenic lines, Tcv transgene expression in
suggest that vw beetles are homozygous for a deletion white-eyed vw recipients results in pink, red, or black
that removes the 5� end of Tcv. adult eye color (M. D. Lorenzen, unpublished results).

To confirm this, the putative Tcv deletion breakpoint Taken together, the phenotypes produced by Tcv
was amplified from vw genomic DNA via universal PCR RNAi, Tcv rescue, and the vw and other eye-color muta-
(Figure 8C). Sequence analysis of the PCR product tions suggest that the Tribolium larval eyespot and adult
(pGvw; GenBank accession no. AF419848) confirmed eye are pigmented only by red ommochromes, and that
the presence of a rearrangement breakpoint in exon 6 pteridine pigments do not contribute to eye color. This
(see Figure 2). The sequence immediately flanking the conclusion is not unprecedented, since the compound
upstream side of the breakpoint is not derived from the eyes of at least one other insect species (A. gambiae) are
Tcv locus. As expected, PCR primer pairs targeted to colored by ommochrome pigments only (Beard et al.
regions of the Tcv transcription unit upstream of the 1995).
vw breakpoint amplify the expected fragment sizes from Eye-color genes as transformation markers: Despite
several wild-type strains but failed to produce a product much effort, reliable and versatile methods for germline
from the vw strain (data not shown). Thus, �80% of the transformation in nondrosophilid insects have remained

elusive. One obstacle has been the lack of efficient pheno-Tcv coding region as well as the putative promoter,



234 M. D. Lorenzen et al.

homeotic gene function during development of distantly relatedtypic markers for transformant identification. Most reports
insects. Evol. Dev. 1: 11–15.

of nondrosophilid insect transformation have employed Cherbas, L., and P. Cherbas, 1993 The arthropod initiator: the
capsite consensus plays an important role in transcription. Insecteither white (ABC transporter) or GFP markers (Atkin-
Biochem. Mol. Biol. 23: 81–90.son et al. 2001). EGFP is functional in all species tested

Coates, C. J., N. Jasinskiene, L. Miyashiro and A. A. James, 1998
and obviates the need for mutant recipient strains, but Mariner transposition and transformation of the yellow fever

mosquito, Aedes aegypti. Proc. Natl. Acad. Sci. USA 95: 3742–3751.requires specialized detection systems. While dipteran
Cornel, A. J., M. Q. Benedict, C. Salazar Rafferty, A. J. Howellswhite (w), cinnabar (cn), and vermilion (v) genes have not

and F. H. Collins, 1997 Transient expression of the Drosophila
been demonstrated to function outside their taxonomic melanogaster cinnabar gene rescues eye-color in the white eye (WE)

strain of Aedes aegypti. Insect Biochem. Mol. Biol. 27: 993–997.order of origin, they do show some ability to function
Dawson, P. S., 1967 A balanced lethal system in Tribolium castaneum.in different dipteran families (White et al. 1996; Cornel Heredity 22: 435–438.

et al. 1997; Coates et al. 1998; Jasinskiene et al. 1998; Dewees, A. A., 1963 Frequency and relative fitness of some mutants
involving the eye and body color in a natural population ofAtkinson et al. 2001). This observation raises the hope
Tribolium castaneum. M.A. Thesis, Southern Illinois University,that T. castaneum eye-color genes might function as Carbondale, Illinois.

broad-spectrum transformation markers in the order Eddleman, H. L., and A. E. Bell, 1963 Four new eye-color mutants
in Tribolium castaneum (Abstr.). Genetics 48: 888.Coleoptera. With the cloning of the Tribolium ortholog

Fridell, Y. C., and L. L. Searles, 1992 In vivo transcriptional analy-
of vermilion and the identification of a molecular lesion sis of the TATA-less promoter of the Drosophila melanogaster vermil-

ion gene. Mol. Cell. Biol. 12: 4571–4577.that eliminates most of the Tcv locus, we now have the
Ghosh, D., and H. S. Forrest, 1967 Enzymatic studies on the hy-components necessary to construct a transformation

droxylation of kynurenine in Drosophila melanogaster. Genetics 55:
marker system on the basis of eye-color rescue. A sepa- 423–431.

Haliscak, J. P., and R. W. Beeman, 1983 Status of malathion resis-rate report will summarize our recent efforts to develop
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